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Abstract 

This  paper  focuses  on  developing  a  mechanistic  understanding  of  the  process  of  multiple 
nucleation  bursts  leading  to  the  formation  of  multiple  generations  (or  populations)  with 
different  size  distributions,  of  y’  precipitates  during  the  continuous  cooling  of  a 
commercially  used  nickel  base  superalloy.  This  mechanistic  understanding  has  been 
developed  based  on  a  number  of  critical  experimental  results;  direct  observation  of  the 
multiple  nucleation  bursts  during  in  situ  x-ray  diffraction  studies  in  the  synchrotron, 
characterization  of  the  size  distributions  associated  with  the  different  populations  of  y’ 
precipitates  by  coupling  multiple  imaging  techniques  at  the  appropriate  length  scale,  and 
detailed  compositional  analysis  of  the  y’precipitates  as  well  as  the  y  matrix  using  atom 
probe  tomography.  These  analyses  reveal  that  while  local  compositional  equilibrium 
appears  to  have  been  achieved  near  the  y’/y  interface  for  the  first-generation  of 
precipitates,  a  non-equilibrium  long  range  diffusion  profile  in  the  y  matrix  is  retained 
during  the  process  of  continuous  cooling  which  is  largely  responsible  for  the  subsequent 
nucleation  bursts  at  larger  undercooling  (or  lower  temperatures)  leading  to  the  second  and 
third  generations  of  precipitates.  Additionally,  since  these  subsequent  generations  of 
precipitates  are  formed  at  larger  undercoolings,  they  are  highly  refined,  exhibit  far-from 
equilibrium  compositions,  and  also  have  very  diffuse  y’/y  interfaces,  indicating  a  non- 
classical  precipitation  mechanism  associated  with  their  formation. 
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Introduction 


Nickel  base  superalloys  possess  an  excellent  balance  of  properties  like  high  strength, 
ductility,  fracture  toughness,  good  fatigue  and  corrosion  resistance,  both  at  room  as  well 
as  elevated  temperatures.  Due  to  these  unique  properties  they  have  widespread 
application  in  a  number  of  critical  technological  areas,  especially  those  involving  high 
temperatures  such  as  aircraft  jet  engines.  These  properties  in  nickel  base  superalloys  arise 
by  the  precipitation  of  the  ordered  y’  phase  (in  some  cases  both  y’  and  y”  phases)  within 
a  disordered  y  matrix.  The  microstructure  of  these  alloys,  especially  in  terms  of  the 
composition,  morphology,  spatial,  and,  size  distributions  of  the  y’  precipitates  plays  a 
very  important  role  in  determining  the  mechanical  properties  of  these  alloys  [1-2].  Rene’ 
88  DT  alloy  is  a  recently  developed  nickel  base  superalloy  that  was  developed  [3-5]  to  be 
more  damage  tolerant  than  the  previous  generation  Rene’  95  alloy,  while  offering 
improved  creep  strength  and  fatigue  crack  growth  resistance  [5].  The  nominal  chemistry 
for  this  alloy  is:  13%  Co,  16%  Cr,  4%  Mo,  4%  W,  2.1%  Al,  3.7  %  Ti,  0.7%  Nb,  0.03%  C 
and  0.015%  B.  This  alloy  is  typically  processed  through  the  powder  metallurgy  route  and 
develops  a  poly  crystalline  microstructure  consisting  of  y  grains  with  nanoscale  y’ 
precipitates.  Furthermore,  the  typical  heat-treatment  used  for  this  alloy  consists  of  a 
solutionizing  procedure  for  30  to  60  minutes  at  1150°C  (2100°F)  in  the  single  y  phase 
field,  followed  by  continuous  cooling  to  room  temperature  at  appropriate  cooling  rates, 
and  subsequent  aging  for  different  time  periods  at  temperatures  such  as  760°C  (1400°F). 

The  microstructural  evolution  in  superalloys,  such  as  Rene  88DT,  during  continuous 
cooling  is  strongly  dependent  on  the  cooling  rate  employed.  Faster  cooling  rates,  such  as 
those  encountered  during  water  quenching  the  alloy  from  the  high  temperature  single  y 
phase  field,  typically  lead  to  the  formation  of  a  monomodal  size  distribution  of  refined  y’ 
precipitates  [6-8].  In  contrast,  relatively  slower  cooling  rates  lead  to  the  formation  of  y’ 
precipitates  with  a  bimodal  size  distribution  or  in  some  cases  even  a  multi-modal  size 
distribution  [6,9-13].  The  development  of  multiple  populations  of  y’  precipitates  during 
continuous  cooling  [10,12,13]  or  by  isothermal  annealing  at  two  different  temperatures 
[11,14],  has  often  been  attributed  to  multiple  distinct  bursts  of  nucleation  of  precipitates 
at  different  undercoolings  below  the  y’  solvus.  These  multiple  nucleation  bursts  in  turn 
result  from  the  complex  interplay  of  continuously  increasing  thermodynamic  driving 
force  for  nucleation  (chemical  free  energy  difference)  due  to  increasing  undercooling, 
reduction  in  this  driving  force  due  to  previous  nucleation  events,  and,  the  rapidly 
declining  diffusivity  of  alloying  elements  with  decreasing  temperature.  At  lower 
undercoolings  (or  higher  temperatures,  just  below  the  y’  solvus  temperature)  lower 
driving  force  for  nucleation  coupled  with  higher  diffusivities  leads  to  the  first  burst  of  y’ 
nucleation  forming  the  first  generation  of  precipitates  with  low  nucleation  density,  often 
referred  to  as  primary  y’  precipitates.  At  higher  undercoolings  reduced  diffusivity  of 
atoms  leads  to  supersaturation  of  y’ -forming  elements  away  from  the  diffusion  fields  of 
the  growing  primary  y’  precipitates,  and  coupled  with  a  greater  thermodynamic  driving 
force  results  in  further  bursts  of  nucleation  consequently  forming  secondary  (or  tertiary  in 
some  cases)  y’  precipitates  with  a  high  nucleation  density  [6,10,11].  This  mechanism  has 
been  discussed  in  the  phase  field  modeling  studies  by  Wen  et.al.  [10],  where  the 
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Ginzburgh-Landau  equation  has  been  coupled  with  the  non-linear  Cahn-Hilliard  diffusion 
equation.  In  order  to  simulate  the  precipitation  sequence  during  continuous  cooling  of  the 
Ni-Al  alloy,  a  Langevin  stochastic  term  was  introduced  while  accounting  for  the 
contribution  due  to  undercooling.  Their  results  show  a  bimodal  distribution  of  y’  particles 
with  a  significant  gap  between  the  two  nucleation  events.  The  shut  off  of  nucleation  at 
high  temperatures  could  be  attributed  to  the  soft  impingement  (overlap  of  diffusion 
fields)  of  first  generation  y’  precipitates.  At  lower  temperatures  (higher  cooling)  due  to 
increased  supersaturation  of  elements  like  Ti  and  Al,  in  between  the  y’  free  channels  a 
subsequent  nucleation  event  may  take  place.  Similar  studies  have  been  done  by  Radis  et. 
al.  [12]  where  they  have  employed  classical  nucleation  theory  involving  long  range 
diffusion  of  atoms  to  understand  nucleation  kinetics  of  both  monomodal  as  well  as  multi¬ 
modal  size  distributions  of  y’  precipitates  in  the  commercial  nickel  base  superalloy 
Udimet  720.  A  slightly  different  approach  was  adopted  by  Boussinot  et.al.  [14], where 
phase  field  modeling  was  conducted  to  simulate  isothermal  annealing  at  two  different 
temperatures,  which  led  to  nucleation  of  two  different  y’  generations.  At  a  higher 
temperature  the  Ni-Al  alloy  was  aged  for  a  sufficiently  long  time  period  to  permit 
equilibration  of  the  far-field  y  composition  and  volume  fraction  of  y  and  the  first 
generation  y’  precipitates.  Subsequently  on  quenching  to  a  lower  temperature  a  second 
generation  of  y’  precipitates  are  formed  that  are  considerably  smaller  in  size  and  larger  in 
number  density  when  compared  to  the  first  generation  precipitates.  Further  annealing  at 
this  temperature  results  in  the  growth  of  the  smaller  precipitates.  However  not  all 
precipitates  grow  continuously.  The  smaller  particles  that  are  situated  near  the  larger 
precipitates  starts  decreasing  in  size  and  eventually  disappears  at  the  expense  of  the 
growth  and  coarsening  of  latter.  This  diffusion  mediated  interaction  of  the  two 
generations  of  y’  precipitates  is  strongly  dependent  on  the  volume  fraction  of  the  larger 
precipitates,  that  in  turn  governs  the  y  channel  width  within  which  subsequent 
precipitation  may  take  place.  A  similar  investigation  was  done  by  Wen  et.al.  [11]  where 
the  growth  kinetics  and  evolution  of  precipitate  number  density  with  time  was  obtained 
by  conducting  isothermal  annealing  studies  at  different  temperatures. 

Three  dimensional  characterization  of  the  morphology,  size  distribution,  and, 
composition  of  y’  precipitates  in  Ni  base  alloys  has  been  previously  attempted  via  atom 
probe  tomography  (APT),  for  finer  scale  y’  preciptates,  and,  serial-sectioning  in  a  dual¬ 
beam  focused  ion  beam  (FIB)  for  coarser  scale  y’  precipitates  and  these  studies  have  been 
extensively  reviewed  in  recent  articles  in  the  published  literature  [8,  15-17].  These  studies 
have  been  primarily  conducted  during  annealing  after  rapid  quenching  the  alloy  from  the 
high  temperature  single  y  phase  field.  Therefore,  typically  these  studies  have  focused  on  a 
monomodal  size  distribution  of  refined  y’  precipitates  within  the  disordered  y  matrix  [8]. 
In  addition,  such  APT  studies  have  also  focused  on  the  partitioning  of  the  alloying 
additions  between  these  two  phases  and  the  segregation  of  certain  alloying  additions  to 
the  y/y’  interface  as  well  as  to  grain  boundaries.  Serial-sectioning  and  sequential  SEM 
imaging,  carried  out  using  a  dual-beam  focused  ion  beam  system,  followed  by  3D 
reconstruction,  has  also  been  recently  used  to  investigate  the  three-dimensional 
morphology  and  distribution  of  larger  scale  primary  y'  precipitates  [18]. 
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The  above  isothermal  annealing  studies,  although  quite  important  in  understanding  the 
nucleation  and  growth  behavior  of  y’  precipitates,  are  quite  different  from  the  typical 
industrially  relevant  heat-treatments.  In  the  later  case,  the  cooling  rates  employed  after 
solutionizing/homogenizing  in  the  single  y  phase  field  are  substantially  slower  than 
water-quenching  and  therefore  often  lead  to  the  formation  of  multiple  size  ranges  of  y’ 
precipitates.  Therefore,  the  focus  of  the  current  paper  is  on  determining  the  morphology, 
distribution  and  composition  of  multiple  generations  of  y’  precipitates,  of  different  size 
ranges,  forming  during  continuous  cooling  of  Rene  88DT  as  well  as  the  compositional 
partitioning  between  these  y’  precipitates  and  the  adjoining  y  matrix.  The  elemental 
partitioning  as  well  as  the  3D  morphology  of  the  finest  scale  of  y’  precipitates  has  been 
primarily  characterized  by  APT.  While  APT  affords  a  nanometer  scale  resolution  of 
structure  and  chemistry,  it  offers  limited  information  in  terms  of  the  sampled  volume  of 
reconstruction  and  consequently  is  not  the  method  of  choice  for  analyzing  coarser  y’ 
precipitates.  Thus  in  order  to  better  understand  the  overall  representative  morphological 
features  over  larger  length  scales,  SEM  and  EFTEM  has  been  found  to  be  a  more  suitable 
method  [13,19].  The  four  primary  objectives  of  this  paper  are  as  follows: 

1.  To  identify  the  different  generations  of  y’  precipitates  that  form  during  continuous 
cooling  of  a  nickel  base  superalloy  via  in  situ  high  energy  x-ray  diffraction  studies 
carried  out  in  a  synchrotron. 

2.  Analysis  of  the  size  distribution  and  morphology  of  multiple  generations  of  y’ 
precipitates,  formed  during  continuous  cooling  at  a  relatively  slow  rate  from  the 
solutionizing  temperature  (single  y  phase-field)  using  SEM  and  EFTEM. 

3.  Detailed  compositional  analysis  of  the  different  generations  of  y’  precipitates  as  well 
as  their  near  and  far  field  y  compositions  using  APT.  Investigation  of  the  y-y' 
compositional  partitioning  and  associated  diffusion  fields  and  interface  widths. 

4.  Develop  a  better  physical  understanding  of  the  mechanism  of  y’  precipitation  in  these 
alloys  as  a  function  of  undercooling  (below  the  y’  solvus  temperature). 


Experimental  Procedure 

The  bulk  chemical  composition  of  the  commercially  procured  Rene  88  DT  alloy  was 
56.53Ni-16.24Cr-13.27Co-3.92Ti-2.09Al-4.08Mo-3.92W-0.76Nb  (wt%)  or  55.63Ni- 
18.02Cr-13.00Co-4.74Ti-4.45Al-2.48Mo-1.21W-0.46Nb  (at%).  Material  was  cut  from 
the  bore  and  rim  section  of  a  disk,  produced  and  tested  under  work  supported  by  the 
Defense  Advanced  Research  Projects  Agency,  Defense  Sciences  Office  (Engine  Systems 
Prognosis,  Contract  Nos.  HR0011-04-C-0001  and  HR0011-04-C-0002).  The  program 
evaluated  the  impact  of  microstructure  on  mechanical  properties  [20].  The  samples  were 
supersolvus  solution  treated  in  a  vacuum  furnace  at  1 150°C  in  the  single  y  phase  field  for 
30  minutes  to  dissolve  any  existing  y’  and  then  slow  cooled  at  an  average  cooling  rate  of 
24°C/min  (to  be  subsequently  referred  to  as  SCO).  These  samples  were  subsequently  aged 
for  a  period  of  1  and  15  hours,  at  760°C  in  a  large  chamber  vacuum  furnace  and  air 
quenched.  Subsequently  in  this  manuscript  these  samples  would  be  referred  to  as  SCI 
and  SC  15  respectively. 
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For  synchrotron  studies,  high-energy  x-ray  diffraction  (HEXRD)  was  performed  at 
beamline  11-ID-C  at  the  Advanced  Photon  Source  (APS)  facility  in  Argonne  National 
Laboratory.  Beam  energy  of  115  keV  (equivalent  to  a  wavelength  of  0.1 1A°)  and  beam 
size  of  0.5  mm  by  0.5  mm  was  used  for  the  diffraction  studies.  Rene  88DT  samples, 
roughly  5mm  in  diameter  and  2mm  in  thickness,  were  loaded  in  a  Linkam  TS1500™ 
furnace  that  was  kept  in  an  Argon  atmosphere.  The  diffraction  patterns  were  collected  at 
a  time  interval  of  30  secs  with  a  Perkin-Elmer  2D  detector  located  at  a  distance  of  1.6  m 
from  the  sample. 

Samples  for  APT  studies  were  prepared  by  focused  ion  beam  milling  technique.  For  this 
purpose,  samples  were  prepared  by  dual-beam  focused  ion  beam  (FIB)  instrument  (FEI 
Nova  Nanolab  200)  system  using  a  Ga  ion  beam.  The  ion  beam  thinning  was  carried  out 
in  multiple  steps,  starting  with  30  kV  ions  and  finally  finishing  with  5  kV  ions  to  reduce 
the  surface  damage  caused  by  the  higher  energy  ions  [21].  The  final  tip  diameter  of  the 
atom  probe  specimens  was  ~  50  -  80  nm.  The  APT  experiments  were  carried  out  using  a 
LEAP  3000  local  electrode  atom  probe  (LEAP™)  system  from  Cameca  Inc.  All  atom 
probe  experiments  were  carried  out  in  the  electric-field  evaporation  mode  at  a 
temperature  of  70K,  with  the  evaporation  rate  varying  from  0.2  -  1.0  %  and  the  pulsing 
voltage  at  30%  of  the  steady-state  applied  voltage. 

TEM  samples  were  also  prepared  via  conventional  routes,  consisting  of  mechanical 
grinding  and  polishing  of  3  mm  diameter  discs,  followed  by  dimple  grinding,  and,  final 
ion-beam  milling  to  electron  transparency.  Ion  beam  milling  was  conducted  on  a  Gatan 
Duo  Mill  and  Fischione  Model  1010  ion  milling  system,  operated  at  6  kV.  TEM  analysis 
was  conducted  on  a  FEI  Tecnai  F20  field  emission  gun  transmission  electron  microscope 
operating  at  200  KV.  Images  were  obtained  using  the  Cr  M-edge  (42  eV)  in  the  energy 
filtered  transmission  electron  microscopy  (EFTEM)  mode,  as  described  elsewhere  [19]. 
Representative  regions  were  imaged  at  different  magnifications  to  capture  the  relevant 
secondary  and/or  tertiary  y  precipitates  in  the  alloy. 

SEM  analysis  of  primary  y  precipitates  were  done  using  backscattered  detector  on  etched 
samples.  Prior  to  SEM  analysis  the  samples  were  polished  and  etched  using  Keller’s 
reagent  (15ml  HC1  +  10  ml  Glycerol  +  5  ml  HNO3).  This  light  etching  substantially 
enhanced  the  contrast  between  the  y  and  y'  phases  in  the  secondary  electron  imaging 
mode  of  the  SEM. 

Results  and  Discussion 

In  situ  x-ray  diffraction  studies  of  nucleation  of  multiple  generations  of  y’  precipitates 

The  y’  precipitation  during  slow  continuous  cooling  of  the  Rene  88  alloy  from  above  the 
y'  solvus  temperature  at  the  rate  of  24°C/min,  i.e.  from  the  single  y  phase  field,  has  been 
investigated  via  in  situ  high  energy  x-ray  diffraction  studies,  carried  out  using  a  high 
temperature  furnace  mounted  on  the  synchrotron  beam  line  at  the  Advanced  Photon 
Source  (APS)  at  the  Argonne  National  Laboratory.  The  results  of  these  diffraction  studies 
have  been  summarized  in  Fig.  1.  Fig.  1(a)  and  (b)  show  the  progressive  change  in  the 


5 

Approved  for  public  release;  distribution  unlimited 


intensity  of  the  (001)  y'  superlattice,  and  (111)  fundamental  reflections  arising  from  both 
y  and  y’  phases,  as  a  function  of  temperature  during  in  situ  slow  continuous  cooling  from 
the  single  y  phase  field.  Fig  1(a)  shows  a  sudden  increase  in  (001)  peak  intensity  during 
cooling  between  1284°C  and  1174°C,  which  then  increases  gradually  with  further 
reduction  in  temperature.  The  combined  (111)  reflection  from  y'  and  y  phases  show  a 
gradual  increase  in  intensity  during  the  same  cooling  cycle  as  shown  in  Fig.  1(b).  A 
simple  first  order  approximation  of  the  change  in  volume  fraction  of  y’  as  a  function  of 
temperature  during  continuous  cooling,  can  be  qualitatively  measured  by  plotting  the 
ratio  of  the  intensities  of  (001)  y'  peak  to  (lll)y'  +  y  peak  at  every  temperature,  as  shown 
in  Fig  1(c).  The  plot  clearly  shows  that  during  the  cooling  experiment,  the  intensity  of  the 
(001)  y'  peak  starts  increasing  at  a  temperature  marginally  higher  than  1200°C, 
corresponding  to  the  onset  of  the  first  nucleation  burst.  With  decreasing  temperature  there 
is  a  continuous  increase  in  the  above  intensity  ratio,  with  a  maxima  at  around  1000°C.  On 
subsequent  cooling,  there  is  another  increase  in  the  intensity  ratio  with  an  onset  at  a 
temperature  ~800°C  with  an  actual  maxima  at  around  700°C  (Fig.  1(c)).  These  peaks 
observed  in  the  (001) y'  peak  to  (111)  y'  +  y  peak  intensity  ratio  give  an  indication  of 
various  y'  nucleation  bursts,  eventually  resulting  in  a  multimodal  size  distribution  of  y' 
precipitates.  It  is  important  to  note  that  the  relative  increase  in  this  intensity  ratio  is 
directly  proportional  to  the  volume  fraction  of  newly  formed  y'  precipitates  and  with 
decreasing  temperature,  the  relative  increase  in  y'  volume  fraction  with  each  successive 
generation  decreases.  This  is  clearly  seen  from  Fig.  1(c)  where  the  increase  in  intensity, 
corresponding  to  the  first  nucleation  burst,  is  significantly  greater  than  that  attributable  to 
the  second  burst.  Also,  while  only  two  distinct  y'  nucleation  bursts  are  visible  in  Fig.  1(c), 
a  possible  third  burst  at  much  lower  temperatures  cannot  be  ruled  out  since  it  possibly 
leads  to  a  rather  small,  and  consequently  difficult  to  detect,  change  in  the  intensity  ratio. 
Figs.  1(a)  and  (b)  also  show  a  systematic  shift  in  the  (001) y'  as  well  as  (111)  y'  +  y 
intensity  peaks,  indicating  a  decrease  in  lattice  parameter  for  both  y'  and  y  phases  with 
decreasing  temperature.  This  decrease  in  lattice  parameters  can  possibly  be  attributed  to 
the  combined  effect  of  thermal  contraction  and  the  chemical  partitioning  between  y'  and  y 
phases.  However,  the  changes  in  lattice  parameters  are  not  equal  for  y'  and  y  phases  as 
seen  in  Figs.  1(a)  and  (b),  which  gives  rises  to  an  increase  in  the  y'/y  lattice  mismatch 
with  decreasing  temperature  as  reported  previously  for  the  Rene  88  alloy  [22],  This  also 
alludes  to  the  fact  the  ordered  y'  phase  is  more  stable  with  respect  to  temperature  changes 
and  therefore  the  change  in  lattice  parameter  with  temperature  is  minimal  for  this  phase. 

Precipitate  size  and  morphology 

Slow  cooling  (SCO)  of  Rene  88  from  a  temperature  exceeding  the  y'  solvus  resulted  in  a 
multimodal  distribution  of  precipitates  as  mentioned  earlier.  This  multimodal  distribution 
of  precipitates  can  be  divided  into  different  groups  based  on  their  size,  morphology  and 
number  density.  These  parameters  in  turn  depend  on  the  undercooling  corresponding  to 
the  specific  nucleation  event,  resulting  in  that  particular  population  of  precipitates.  The 
different  populations  of  y’  precipitates  were  characterized  by  coupling  backscatter  SEM 
studies  with  EFTEM  studies. 
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Figs.  2(a)  and  (b)  show  low  and  high  magnification  backscatter  SEM  images  of  the  SCO 
sample  with  y'  precipitates  exhibiting  a  darker  contrast.  As  seen  from  the  figure,  the 
larger  first  generation  y'  precipitates  develop  largely  a  cuboidal  morphology  or  in  some 
cases  an  irregular  morphology,  due  to  coarsening  or  impingement  of  neighboring  y' 
precipitates.  Henceforth,  these  first  generation  y’  precipitates,  will  be  referred  to  as 
primary  y'  precipitates.  These  primary  y'  precipitates  have  a  relatively  low  number 
density,  attributable  to  the  smaller  driving  force  for  nucleation  expected  at  lower 
undercooling.  This  is  also  evident  on  comparison  with  second  and  third  generations  of  y' 
precipitates  forming  at  larger  undercoolings  (lower  temperatures).  Furthermore,  there  is  a 
large  variation  in  shape  and  size  of  the  primary  y'  precipitates.  The  size  distribution  of 
primary  y'  precipitates  is  shown  in  Fig.  4(a).  The  equivalent  diameters  of  these  y’ 
precipitates  were  determined  by  measuring  their  respective  areas  and  equating  these  areas 
to  areas  of  equivalent  circles.  Due  to  the  irregular  shape  of  these  precipitates,  this  method 
really  provides  a  qualitative  rather  than  a  quantitative  distribution  of  precipitate  sizes.  As 
expected  from  the  figure,  there  is  a  large  variation  in  the  sizes  of  these  precipitates, 
ranging  from  100-400  nm  in  diameter  with  the  maximum  number  of  precipitates  lying  in 
the  size  range  of  150-250nm.  Thus  it  is  clear  that  the  primary  y’  precipitates  of  this  size 
range  can  be  analyzed  based  on  SEM  investigations. 

The  second  generation,  secondary  y'  population,  that  nucleates  at  lower  temperatures  due 
to  a  very  high  thermodynamic  driving  force,  grow  at  much  lower  rates  due  to  the  limited 
diffusivity  at  the  lower  temperatures.  Imaging  these  rather  small  second  generation  y’ 
precipitates  is  difficult  using  SEM,  and  therefore  EFTEM  imaging  was  employed,  as 
shown  in  Figs.  3(a)  and  (b).  These  EFTEM  images  are  recorded  using  the  Cr  M-edge  in 
the  electron  energy  loss  spectrum,  obtained  from  the  same  sample.  As  observed  in  the 
images,  the  y’  precipitates  exhibit  a  darker  contrast  being  depleted  in  Cr  [13,19].  As 
discussed  earlier,  the  number  density  of  the  secondary  y’  precipitates  is  clearly  much 
larger  than  those  of  the  primary  y’  precipitates.  This  could  be  attributed  to  high  nucleation 
rate  at  high  undercoolings.  Furthermore,  as  seen  in  the  higher  magnification  EFTEM 
image  in  Fig.  3(b),  the  primary  y'  precipitates  are  separated  from  the  secondary  y' 
precipitates  by  a  precipitate-free  depleted  zone.  Due  to  limited  growth  these  secondary  y' 
precipitates  exhibit  near-spherical  morphologies  with  size  ranging  from  12-30nm  in 
diameter.  To  clearly  distinguish  between  the  first  and  second  generation  of  y'  precipitates, 
the  size  distribution  for  both  precipitates  have  been  also  plotted  in  Fig.  4(a).  At  this  scale 
of  analysis,  TEM  imaging  techniques  like  EFTEM  is  the  most  suitable  technique  to 
measure  the  size  of  these  precipitates  and  consequently  find  out  their  statistical  size 
distribution. 

On  careful  study  of  the  higher  magnification  EFTEM  image  in  Fig.  3(b),  a  third 
population  of  extremely  fine  scale  y’  precipitates  is  visible.  These  precipitates  are  present 
between  the  primary  and  secondary  y'  precipitates,  beyond  the  precipitate  free  zone  that 
surrounds  the  primary  y'  precipitates.  The  extremely  small  size  of  these  precipitates,  even 
smaller  than  the  secondary  ones,  may  be  a  result  of  a  third  burst  of  nucleation  at  much 
lower  temperatures  (even  higher  undercooling).  Due  to  their  very  small  size  and  the 
limitations  of  EFTEM  imaging  in  terms  of  spatial  resolution,  it  is  very  difficult  to 
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accurately  measure  the  size  distribution  of  these  precipitates  using  this  technique. 


Overall  size  distribution 

The  overall  size  distribution  of  different  generations  of  y'  is  shown  in  Figs.  4(a)  and  (b). 
As  seen  in  these  figures,  both  bursts  of  nucleation  give  rise  to  two  distinctly  different 
populations  of  y'  with  each  nucleation  event  probably  occurring  over  a  range  of 
temperatures,  starting  with  a  high  driving  force  for  nucleation  which  gradually  decreases. 
Both  generations  of  y'  show  similar  distributions  and  have  been  fitted  to  classical 
Gaussian  distributions  in  Fig.  4(b).  The  average  diameter  of  the  primary  y'  precipitates  is 
~191nm  with  standard  deviation  of  ~78  nm  which  is  close  to  the  fitted  peak  of  the 
Gaussian  at  188nm.  Secondary  y'  precipitates  have  average  diameter  of  ~8nm  and  a 
standard  deviation  of  ~7nm  which  is  also  close  to  the  peak  of  the  Gaussian  at  ~9nm  in 
Fig.  4(b).  Therefore  for  both  first  and  second  generation  of  y'  precipitates,  that  were 
measured  independently  using  SEM  and  EFTEM  techniques  respectively,  the  Gaussians 
are  in  close  agreement  with  the  actual  frequency  distributions.  The  salient  points 
regarding  the  size  distribution  of  y'  precipitates  can  be  summarized  as  follows: 

1.  Second  generation,  secondary  y'  precipitates,  have  a  much  higher  number  density 
as  compared  to  primary  y'  precipitates. 

2.  The  distributions  observed  in  this  study  also  indicate  that  each  nucleation  burst 
occurs  over  a  range  of  temperatures. 

3.  Within  each  temperature  window  for  a  specific  generation  of  y'  precipitates,  the 
larger  number  of  precipitates  nucleate  at  lower  temperatures  and  a  smaller  number 
nucleate  at  higher  temperatures. 

As  mentioned  earlier,  a  third  generation  of  (tertiary)  y'  precipitates  is  also  present  in  this 
SCO  sample.  However  the  size  distribution  of  the  tertiary  population  cannot  be  accurately 
quantified  using  EFTEM.  Thus  only  an  average  size  of  these  precipitates  could  be 
determined  and  has  been  indicated  by  a  dashed  line  in  Fig.  4(b).  In  order  to  identify  and 
characterize  this  third  generation  of  y'  precipitates,  isothermal  studies  were  conducted  on 
the  SCO  sample.  The  results  of  these  studies  have  been  discussed  later  in  the  manuscript. 
The  distribution  also  shows  that  the  size  difference  between  primary  and  secondary  y'  is 
more  as  compared  to  secondary  and  tertiary  y'  populations.  This  can  be  attributed  to  the 
higher  diffusivity  at  high  temperatures  (where  the  primary  precipitates  form)  leading  to 
their  more  rapid  growth  while  the  growth  of  the  secondary  and  tertiary  precipitates  is 
rather  limited  at  their  lower  formation  temperatures.  While  previously  reported  modeling 
studies,  based  on  classical  nucleation  theory,  predict  the  formation  of  these  multiple 
generations  of  y’  precipitates  and  their  size  distributions  [10-12]  this  study  is  one  of  the 
first  reports  presenting  direct  experimental  evidence  of  the  size  distribution  associated 
with  different  generations  of  y’  precipitates  forming  during  continuous  cooling  of  a  nickel 
base  superalloy. 

Compositional  analysis  of  different  generations  of  y' 

The  compositional  analysis  of  different  generations  of  y’  precipitates  has  been  carried  out 
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using  atom  probe  tomography  (APT).  Fig.  5(a)  shows  a  three-dimensional  (3D)  atom 
probe  reconstruction  of  the  SCO  sample.  For  simplicity,  only  two  atomic  species,  A1  and 
Cr,  have  been  shown  in  the  figure.  The  red  ions  represent  A1  ions  whereas  blue  represent 
Cr  ions.  This  reconstruction  clearly  shows  that  the  A1  and  Cr  partition  to  the  y'  and  y 
phases  respectively.  A  better  visual  representation  of  the  same  3D  reconstruction  is 
shown  in  Fig.  5(b),  where  an  iso-concentration  surface  (or  isosurface  in  short)  using 
14at%  Cr  has  been  plotted  along  with  the  Ni  ions  (in  green).  This  isosurface  view  clearly 
shows  sections  of  two  large  primary  (first-generation)  y’  precipitates  along  with  multiple 
fine  scale  y'  precipitates.  Going  by  the  size  of  these  fine  scale  particles,  they  are  either 
tertiary  or  secondary  precipitates  at  the  smaller  end  of  their  size  distribution.  These 
precipitates  are  also  clearly  visible  from  the  EFTEM  image  in  Fig.  3(b).  A  precipitate- 
free  y’  depletion  zone,  containing  only  Ni  ions,  between  the  two  different  sizes  of 
precipitates  is  also  observed  from  the  reconstructions  in  Fig.  5.  A  second  atom  probe 
reconstruction  (Cr=14at%  isosurface  along  with  Ni  ions)  of  the  same  SCO  sample  is 
shown  in  Fig.  5(c).  This  figure  also  shows  a  section  of  a  primary  y'  precipitate,  multiple 
tertiary  (or  secondary)  y'  precipitates,  and  the  precipitate-free  zone  in  between. 

The  partitioning  of  the  primary  alloying  elements  in  Rene’  88  DT  alloy,  i.e.  Al,  Ti,  Cr, 
Co,  and  Mo,  for  two  different  generations  of  y’  precipitates  is  shown  in  the  compositional 
profiles  in  Figs.  6(a)  and  (b)  respectively.  These  compositional  profiles,  represented  in 
the  form  of  proximity  histograms  (or  proxigrams  corresponding  to  a  Cr=14%  isosurface) 
[23],  clearly  revealed  that  while  all  the  y’  precipitates,  represented  by  the  left  side  of  the 
plot  in  each  case,  are  enriched  in  Al  and  Ti  and  depleted  in  Cr,  Co  and  Mo.  However 
from  the  steady  state  value  on  the  left  of  the  proxigrams,  it  can  be  said  that  the  relative 
compositions  of  primary  and  tertiary  (or  secondary)  precipitates  is  substantially  different. 
Thus  the  primary  y’  precipitates  contain  a  higher  amount  of  Al  and  Ti,  whereas  the 
tertiary  y'  have  lower  Al  and  Ti  and  higher  Co  and  Cr,  as  evident  after  comparing  Figs. 
6(a)  and  (b)  respectively.  Even  though  there  is  a  variation  in  size  of  the  smaller  y' 
precipitates,  the  variability  in  composition  between  different  precipitates  was  observed  to 
be  minimal.  This  indicates  that  even  though  the  tertiary  (or  secondary)  precipitates  form 
over  a  range  of  temperatures,  large  variations  in  composition  within  this  particular 
generation  does  not  occur.  Fig.  6(c)  compares  the  Al  and  Cr  compositional  profiles 
across  the  y’/y  interface  for  a  specific  large  (primary)  and  a  small  (tertiary  or  secondary) 
y’  precipitate.  This  comparison  clearly  reveals  the  substantially  more  diffuse  interface  in 
case  of  the  smaller  precipitates  (plotted  using  dotted  lines)  as  compared  with  the  primary 
ones  (plotted  using  bold  lines).  Similar  evidence  of  a  larger  compositional  width  of  the 
y’/y  interface  in  case  of  smaller  tertiary  (or  secondary)  precipitates,  indicating  a 
compositionally  diffuse  interface,  was  observed  in  case  of  many  other  precipitates 
analyzed  in  the  same  manner.  It  should  also  be  noted  that  in  addition  to  the  tertiary  y' 
precipitates  clearly  delineated  from  the  y  matrix  using  the  Cr-14at%  isosurface 
construction,  the  raw  ionic  reconstruction,  shown  in  Fig.  5(a)  also  reveals  pockets  of  local 
enrichment  of  Al  ions  (in  red)  between  tertiary  y'  and  the  depletion  zone.  These  small 
pockets  are  possibly  far-from  equilibrium  in  composition  but  still  depleted  in  Cr  and 
enriched  in  Al  as  compared  to  the  y  matrix,  and  could  potentially  act  as  the  nucleation 
sites  for  y’. 
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While  each  generation  of  y'  has  a  different  composition,  the  y  region  near  these  y' 
precipitates  also  exhibit  local  compositional  variations.  Fig.  7(a)  shows  a  proxigram  that 
is  plotted  across  a  primary  y'  precipitate,  on  the  left,  to  a  precipitate-free  y’  depletion  zone 
towards  the  right.  The  plot  shows  the  near-field  and  far-field  compositions  of  the  y 
matrix.  Right  next  to  the  primary  y'  precipitate  the  y  matrix  shows  a  near¬ 
equilibrium  composition.  From  the  plot  it  is  evident  that  primary  y'  precipitate 
(represented  by  the  region  on  the  left)  contain  higher  amounts  of  A1  and  Ti  whereas  the 
depletion  zone  is  enriched  in  Cr  and  Co.  The  compositional  gradient  across  the  interface 
also  appears  sharp.  Mo  partitioning  across  the  interface  is  not  large  even  though  it  seems 
to  be  partitioning  more  towards  the  y  matrix.  From  left  to  right,  the  proxigram  shows  a 
slight  decrease  in  the  Cr  and  Co  content,  suggesting  a  change  in  composition  within  the 
precipitate  free  y  matrix.  Thus  as  one  probes  away  from  the  primary  y'  precipitate,  the 
y  composition  within  the  depletion  zone  also  departs  further  away  from  equilibrium.  This 
variation  in  composition  within  the  y  matrix,  near  and  away  from  the  primary  y' 
precipitate,  is  also  observed  in  the  case  of  A1  and  Ti,  as  evident  from  the  magnified  view 
of  the  proxigram  (Fig.  7(b)).  It  can  be  clearly  seen  that  right  next  to  the  y'/y  interface  there 
is  a  local  depletion  of  A1  and  Ti  (~  lat%  and  0.5at  %  respectively)  which  gradually 
increases  (~  1.7at%  and  lat%  respectively)  as  one  probes  away  from  the  primary  y' 
precipitate.  Similar  to  Fig.  7(b),  Fig.  7(c)  shows  a  maginified  view  of  the  Cr  composition 
profile  across  the  y'/y  interface.  The  trend  followed  by  this  plot  is  an  inverse  of  the  plots 
shown  in  Fig.  7(b).  Thus,  there  is  a  local  enrichment  of  Cr  next  to  the  interface  (~  30at 
%)  which  slowly  decays  to  ~  27at  %  inside  the  depletion  zone.  These  observations  show 
that  in  Rene’  88DT  alloy  there  exists  a  compositional  gradient  within  the  precipitate  free 
region  of  the  y  matrix,  where  the  composition  of  all  the  major  alloying  additions  slowly 
change  from  near-equilibrium  to  far  from  equilibrium  as  one  moves  away  from  the 
interface  into  the  y  matrix.  However  as  expected,  this  gradient  is  much  more  diffuse  in 
comparison  to  the  compositional  gradient  observed  across  the  y'/y  interface.  Additionally, 
it  should  be  noted  that  the  far-field  composition  of  this  precipitate  free  region  within  the  y 
matrix  is  enriched  in  Cr  and  Co,  and  depleted  in  A1  and  Ti,  as  compared  to  average  alloy 
composition. 

From  Fig.  6  it  is  clear  that  the  compositions  of  coarser  and  finer  y'  precipitates  are  close 
to  equilibrium,  and  far  from  equilibrium,  respectively.  However,  a  closer  examination  of 
the  atom  probe  reconstruction  in  Fig.  5(a)  showing  the  y  region  near  the  depletion  zone 
reveals  some  interesting  details.  Figs.  8(a)  and  (b)  show  2-D  compositional  maps  of  Cr, 
created  using  a  2nm  thick  region  of  interest  across  primary  and  tertiary  (or  secondary)  y' 
precipitates,  along  with  the  depleted  zone  lying  in  between.  These  maps  are  pseudo¬ 
colored  based  on  the  composition,  with  color  changes  from  blue  to  yellow  to  red, 
representing  progressively  increasing  Cr  content.  While  Fig.  8(a)  shows  the  map  with  an 
overlapping  14at%  Cr  isosurface,  Fig.  8(b)  shows  only  the  2-D  compositional  map. 
Comparing  the  two  figures,  the  primary  y'  precipitate  in  the  bottom  left  comer  (Fig.  8(a)) 
is  substantially  depleted  in  Cr  and  thus  is  blue  in  color  (Fig.  8(b)).  However  around  this 
primary  precipitate,  near  the  y'/y  interface,  a  yellow  colored  interfacial  layer  is  observed 
which  is  in  between  the  blue  and  red  contrast.  This  suggests  a  progressive  decrease  in  Cr 
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content  from  the  y'  precipitate  to  the  y  matrix.  Again  the  smaller  precipitates  in  the  top 
right  of  Fig.  8(a)  have  intermediate  Cr  contents  (refer  to  Fig.  6(b))  and  are  thus  yellow  in 
color.  Apart  from  this,  Fig.  8(b)  also  shows  nanometer  scale  pockets  within  the  depleted 
region  that  are  locally  depleted  in  Cr,  as  they  exhibit  a  light  yellow  contrast.  However  the 
corresponding  Cr  isosurface  in  Fig.  8(a)  does  not  delineate  these  regions.  This  indicates 
that  these  nanoscale  regions  have  not  yet  reached  the  composition  of  14at%  Cr.  These 
regions  are  non-spherical  in  morphology  and  from  the  isosurface  generated  using  18at% 
Cr,  shown  in  Fig.  8(c),  it  is  clear  that  the  Cr  rich  and  Cr  lean  regions  are  interconnected  in 
nature  within  the  y’  depleted  region  as  well  as  in  the  regions  where  the  fine  scale  tertiary 
(or  secondary)  precipitates  are  formed.  Thus  in  this  figure  all  the  regions  containing  less 
than  18at%  Cr  are  shown  in  blue,  while  the  regions  in  between  contain  more  than  18at% 
Cr.  The  interconnected  nature  of  these  compositionally  phase  separated  regions  is  a 
possible  indication  of  a  spinodally-decomposed  matrix  exhibiting  a  continuous  variation 
in  composition,  rather  than  discrete  pockets  that  reach  an  equilibrium  composition  via  a 
classical  nucleation  and  growth  process  [24],  It  needs  to  re-iterated  that  the  regions  that 
exhibit  this  continuous  network  of  Cr-depleted  pockets  are  farthest  away  from  the 
equilibrium  y  composition,  and  presumably  form  at  the  highest  undercooling.  Thus,  as 
expected,  these  interconnected  regions  are  not  present  near  the  precipitate-free  depletion 
zone,  which  seem  to  be  closer  to  the  equilibrium  composition  of  the  y  matrix. 

This  proposition  can  be  further  strengthened  using  the  composition  profiles  that  were 
discussed  in  Fig.  6.  Comparing  the  proxigrams  generated  from  primary  and  secondary  (or 
tertiary)  precipitates  it  is  evident  that  the  former  exhibits  a  sharper  interface  when 
compared  to  the  later.  This  is  in  accordance  with  the  prediction  of  Cahn  et.al.  [24]  where 
it  is  mentioned  that  at  lower  supersaturations  (lower  undercooling)  the  nucleus  behaves 
classically  and  the  region  around  this  classical  nucleus  approaches  an  equilibrium 
composition.  However  as  supersaturation  increases,  as  in  the  case  for  smaller  y'  particles, 
the  nucleus  starts  loosing  its  resemblance  to  a  classical  nucleus.  Thus  at  higher 
undercooling,  both  Helmholtz  free  energy  as  well  as  gradient  energy  factors  contribute  to 
the  diffuseness  of  the  interface.  Also  no  part  of  this  nucleus  is  approximately 
homogeneous  and  the  composition  of  its  center  is  less  than  that  of  a  classical  nucleus. 
This  is  synonymous  to  a  system  that  undergoes  phase  separation  via  spinodal 
decomposition,  where  the  composition  fluctuation  is  small  in  degree  and  large  in  extent. 


Growth  influenced  Morphology  and  Chemical  changes 

Fig.  9(a)  shows  a  three-dimensional  (3D)  atom  probe  reconstruction  of  the  slow  cooled 
and  760°C/1  hr  aged  (SCI)  sample.  The  160nm  X  lOOnm  X  lOOnm  reconstruction, 
generated  using  a  Cr  isosurface  (blue)  superimposed  on  Ni  ions  (green),  clearly  shows 
primary  as  well  as  smaller  tertiary  y'  precipitates.  Similar  to  the  SCO  condition  shown  in 
Fig.  5,  the  depletion  zone  between  precipitates  of  two  different  generations  is  clearly 
visible  in  this  reconstruction.  The  overall  size  of  these  precipitates  was  determined  using 
the  IVAS™  software  and  their  equivalent  diameters  have  been  plotted  in  Fig.  9(b). 
Similar  to  the  studies  conducted  in  case  of  the  SCO  sample,  the  first  and  second 
generation  of  primary  and  secondary  y'  precipitates  were  imaged  using  SEM  and  EFTEM 
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respectively  (not  shown)  and  subsequently  their  size  distributions  were  measured.  The 
compilation  of  this  data,  containing  the  equivalent  diameters  of  three  different  y' 
generations,  obtained  using  three  different  characterization  tools,  is  shown  in  Fig.  10(a). 
Unlike  in  SCO  condition  (Fig.  4),  this  size  distribution  plot  clearly  shows  three  distinct 
populations  (or  size  scales)  of  y'  precipitates,  suggesting  three  distinct  nucleation  bursts 
corresponding  to  different  undercooling  values  below  the  y’  solvus  temperature.  Fig. 
10(b)  shows  a  proximity  histogram  generated  using  the  Cr  isosurface  that  shows  the 
variation  of  primary  alloying  elements  in  Rene  88DT  after  aging  for  1  hr  at  760°C  (SCI). 
Similar  to  the  SCO  condition  (Fig.  7),  on  moving  away  from  the  y’/y  interface,  while  the 
near  field  y  composition  has  reach  equilibrium,  the  far-field  y  composition  is  far-from 
equilibrium  and  contains  lower  than  equilibrium  amounts  of  Cr  and  Co,  and 
supersaturation  of  A1  and  Ti.  Incidentally  comparing  Figs.  9(a)  and  10(b),  the  y 
compositions  that  were  probe  20nm  beyond  the  y’/y  interface  in  both  cases  was  in  the 
vicinity  of  tertiary  y'  precipitates. 

Similar  studies  were  conducted  on  Rene  88DT  samples  that  were  aged  for  15  hours.  Fig 
11(a)  shows  an  EFTEM  image  the  alloy  that  was  aged  for  15  hours  at  760°C  after 
solutionizing  and  slow  cooling  to  room  temperature  (SC  15).  From  Fig.  11(a)  as  well  as 
the  higher  magnification  image  in  Fig.  11(b),  it  is  clear  that  the  smaller  y'  precipitates  are 
coarser  than  those  in  the  SCO  condition.  However,  very  limited  changes  are  observed  in 
the  size  of  primary  y'  precipitates  or  the  depleted  zone  around  them.  Atom  probe 
tomography  was  conducted  with  the  SC  15  sample  so  as  to  obtain  the  true  morphology 
and  size  of  the  tertiary  (or  secondary)  y'  precipitates  and  are  shown  in  Fig.  12.  As  seen 
from  the  isosurfaces,  generated  using  14  at%  Cr  (blue),  superimposed  on  Ni  atoms 
(green)  (Fig.  12  (a)),  the  y'  precipitates  have  grown  and  are  ~20nm  in  diameter  after  15 
hours  of  aging.  Also  the  size  of  the  y'  precipitates  closest  to  the  primary  precipitate  appear 
to  be  smaller  than  the  precipitates  present  at  further  distances  from  the  primary 
precipitate  indicating  the  development  of  three  distinct  populations,  primary,  secondary, 
and  tertiary.  The  long-range  composition  profiles  for  the  alloying  elements  across  the 
primary  y’/y  interface  into  the  precipitate  free  depleted  zone  have  been  plotted  by 
averaging  across  a  cylindrical  region  of  interest  (ROI)  as  shown  in  Fig.  12(b).  These 
profiles  clearly  show  that  for  all  alloying  elements  the  compositional  profile  within  the 
precipitate  free  depleted  zone  remains  constant,  clearly  indicating  that  the  far-field  y 
matrix  has  reached  its  equilibrium  composition  in  this  case.  Consequently,  there  is  no 
supersaturation  of  A1  and  Ti  (or  undersaturation  of  Cr  and  Co)  present  within  the  matrix 
that  can  lead  to  nucleation  or  growth  of  additional  y’  precipitates. 

Mechanism  of  multiple  bursts  of  nucleation 

Based  on  the  detailed  experimental  results  presented  in  this  paper  it  is  now  possible  to 
develop  a  mechanistic  model  leading  to  the  multiple  nucleation  bursts  of  y’  precipitates 
during  continuous  cooling  of  a  nickel  base  superalloy.  During  cooling,  due  to  the 
continuous  decrease  in  temperature  below  the  y'  solvus,  there  is  an  associated  increase  in 
the  thermodynamic  driving  force  for  nucleation  associated  with  the  continuously 
increasing  undercooling.  However  as  soon  as  the  first  generation  of  y'  precipitates  are 
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nucleated,  this  driving  force  is  partially  consumed,  especially  in  the  local  region 
surrounding  the  first-generation  (or  primary)  precipitates.  Thus,  the  region  surrounding 
these  primary  y'  precipitates  is  depleted  in  y'  forming  elements,  A1  and  Ti,  and  enriched  in 
y  stabilizing  elements,  Co  and  Cr.  Since  the  first  nucleation  burst  occurs  at  relatively  high 
temperatures  (low  undercooling  below  the  y’  solvus),  the  higher  diffusivity  of  the  various 
alloying  elements  promotes  their  rapid  partitioning  between  the  y'  precipitate  and  the 
adjacent  y  matrix.  Also  at  these  high  temperatures,  the  primary  y'  precipitates  grow  quite 
rapidly  and  develop  a  cuboidal  to  irregular  morphology  (Figs.  2  and  3)  as  anisotropic 
elastic  strain  energy  starts  dominating  over  the  isotropic  interfacial  energy.  However  as 
temperature  decreases,  due  to  the  reduced  mobility  of  the  solute  elements,  their 
redistribution  becomes  more  and  more  difficult.  Thus  a  condition  similar  to  the  schematic 
diagram  in  Fig.  13(a)  occurs  where  the  composition  close  to  the  primary  y'  precipitates 
reaches  equilibrium  (as  suggested  by  a  decrease  in  A1  and  increase  in  Cr).  However  as 
one  probes  away  from  the  precipitate,  far-field  into  the  y  matrix,  there  is  an  enrichment  of 
A1  (and  Ti)  and  depletion  of  Cr  (and  Co),  primarily  because  of  the  inability  of  these 
regions  to  equilibrate  rapidly  at  low  temperatures  (Fig.  13(a)).  This  results  in  the 
formation  of  far-field  supersaturated  corridors  within  the  y  matrix,  that  act  as  potential 
sites  for  y’  nucleation  at  lower  temperatures  when  the  relative  driving  force  increases. 
Thus,  at  these  lower  temperatures,  the  higher  thermodynamic  driving  force  and  higher 
nucleation  rate  result  in  a  second  nucleation  burst  leading  to  a  large  number  density  of  y' 
precipitates,  increasing  the  y'  volume  fraction  (corresponding  to  the  increase  in  (001)  y'  to 
(111)  y'  +  y  peak  intensity  ratio  in  Fig.  1).  On  further  cooling  these  particles  try  to  grow 
but  their  growth  is  severely  restricted  due  to  the  low  diffusivities.  Thus  the  second 
generation  of  precipitates  has  a  higher  number  density  and  is  smaller  than  the  first 
generation  of  precipitates  (Fig.  4).  Furthermore,  this  high  number  density  of  secondary 
precipitates  leads  to  small  inter-precipitate  distances  and  consequently  results  in  rapid 
overlap  of  the  diffusion  fields  (soft  impingement),  restricting  their  further  growth.  These 
precipitates  are  small  enough  such  that  the  isotropic  interfacial  energy  dominates  over 
anisotropic  elastic  strain  energy.  This  coupled  with  the  inherently  low  y-y’  misfit  in  case 
of  Rene’88DT,  results  in  these  secondary  precipitates  maintaining  a  near  spherical 
morphology  (Figs.  3  and  5).  Also  as  discussed  earlier,  these  secondary  precipitates  do  not 
exhibit  features  of  a  classically  nucleated  precipitate  of  equilibrium  composition,  but 
rather  exhibit  both  compositional  inhomogeneities  within  the  precipitates  as  well  as 
relatively  diffuse  y'/y  interfaces  (Fig.  6).  Changes  also  take  place  in  the  y  matrix  that 
surround  these  precipitates.  Thus  the  matrix  becomes  depleted  in  A1  (and  Ti)  and 
enriched  in  Cr  (and  Co),  as  shown  in  the  schematic  diagram  in  Fig.  13(b).  Thus  at  this 
temperature  the  region  close  to  the  secondary  y'  precipitates  have  a  very  low  driving  force 
for  further  nucleation.  However  Fig.  13(b)  also  shows  that  the  y  matrix  between  the 
secondary  y'  and  the  depleted  zone  (around  the  primary  y')  still  retains  a  non-equilibrium 
composition,  involving,  for  example,  an  A1  supersaturation  (or  Cr  undersaturation). 
However  the  thermodynamic  driving  force  is  not  sufficient  to  cause  any  fresh  nucleation 
until  a  really  large  undercooling  is  achieved.  This  undercooling  occurs  when  the  sample 
is  cooled  to  further  lower  temperatures  that  leads  to  a  third  burst  of  nucleation  resulting  in 
the  population  of  tertiary  y’  precipitates  (schematic  diagram  in  Fig.  13(c)).  However, 
slower  kinetics  and  limited  supersaturation  of  solute  at  this  stage  further  limit  the  growth 


13 

Approved  for  public  release;  distribution  unlimited 


of  these  tertiary  y'  precipitates.  Thus  a  large  number  of  fine  scale  spherical  y'  precipitates 
are  formed.  It  should  be  noted  that  typically  the  tertiary  y'  precipitates  are  nucleated  in 
between  the  primary  and  secondary  y'  precipitates  but  closer  to  the  secondary  precipitates, 
primarily  because  the  depletion  zone  around  a  secondary  y'  precipitate  is  much  smaller 
than  that  of  primary  y'  precipitate  (Fig.  13(c)).  Summarizing,  several  thermodynamic  and 
kinetic  factors  such  as  driving  force  for  nucleation,  number  density  of  nucleation  sites 
(related  to  the  nucleation  rate),  and  diffusivity  determine  the  formation  of  multiple 
generations  of  y'  precipitates  and  the  complex  interplay  of  these  factors  give  rise  to  the 
multi-scale  microstructures  that  are  experimentally  observed  on  continuous  cooling. 
These  observations  are  in  excellent  agreement  with  the  phase  field  simulations  reported 
previously  [10]  as  well  as  with  experimental  investigations  in  some  commercial  nickel 
base  superalloys  [6,9,12],  where  continuous  cooling  results  in  shrinkage  of  diffusion 
fields  associated  with  larger  y'  precipitates,  consequently  opening  up  precipitate  free 
supersaturated  y  channels  where  further  nucleation  events  can  take  place. 

Summary  and  Conclusions 

This  paper  presents  a  detailed  investigation  of  multi-modal  size  distribution  of  y’ 
precipitates  developing  in  nickel  base  superalloys  as  a  result  of  the  phenomena  of 
multiple  y’  nucleation  bursts  during  continuous  cooling  of  the  alloy  from  above  the  y’ 
solvus  temperature.  The  salient  and  novel  findings  of  this  paper  can  be  summarized  as 
follows: 

1.  This  paper  presents  direct  evidence  of  multiple  y’  nucleation  bursts  during  continuous 
cooling  based  on  in  situ  synchrotron-based  x-ray  diffraction  results  where  these 
nucleation  bursts  have  been  captured  in  real  time. 

2.  Coupling  multiple  characterization  techniques,  SEM,  TEM  (energy- filtered  TEM), 
and  APT,  the  size  distribution  of  three  distinct  populations  of  y’  precipitates,  resulting 
from  these  nucleation  bursts,  have  been  quantified. 

3.  The  experimental  evidence,  based  primarily  on  APT  investigations  coupled  with 
energy-filtered  TEM  studies,  clearly  reveals  the  coupled  thermodynamic  and  kinetic 
(diffusion)  rationale  for  the  formation  of  y’ -depleted  precipitate-free  zone  adjacent  to 
the  first-generation  of  y’  precipitates  formed.  Thus,  while  local  compositional 
equilibrium  is  achieved  near  the  y’/y  interface  of  these  first-generation  precipitates, 
the  continuous  cooling  process  does  not  permit  the  longer  range  far-field  y 
composition  to  equilibrate,  consequently  leading  to  a  higher  supersaturation  in  the 
matrix  at  lower  temperatures  eventually  resulting  in  the  next  nucleation  burst.  This 
explanation  is  a  direct  experimental  validation  of  the  phase-field  models  discussed 
previously. 

4.  Based  on  the  experimental  evidence  presented  in  this  paper,  the  rationale  for  the 
formation  of  the  third  generation  of  y’  precipitates  in  between  the  first  and  second 
generation  of  precipitates  has  been  clearly  explained. 

5.  The  experimental  results  lead  to  some  fundamental  questions  regarding  the 
differences  in  the  precipitation  mechanisms  of  first-generation  y’  precipitates  (at 
lower  undercooling  or  higher  temperature)  versus  the  second  or  third-generation  of  y’ 
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precipitates  (at  higher  undercooling  or  lower  temperature).  Thus,  while  the  first- 
generation  of  precipitates  appear  to  follow  a  classical  nucleation  and  growth  pathway, 
the  second  (or  third)  generation  of  precipitates  exhibit  features  of  a  far-from 
equilibrium  non-classical  mechanism  of  precipitation.  On  formation,  these  second  (or 
third)  generation  precipitates  exhibit  far-from  equilibrium  compositions  and 
compositionally  diffuse  y’/y  interfaces  with  large  widths. 

6.  Isothermal  annealing  of  the  continuously-cooled  alloy  at  760°C  results  in  the 
compositional  equilibration  of  both  y’  precipitates  as  well  as  the  y  matrix  and  the 
long-range  non-equilibrium  diffusion  profiles  are  obviated. 

Future  studies  will  involve  a  more  detailed  investigation  of  the  formation  mechanism  of 
second  or  third  generation  y’  precipitates  in  these  alloys,  that  typically  form  at  high 
undercooling  (low  temperature)  and  could  therefore  exhibit  far-from  equilibrium  non- 
classical  precipitation  behavior.  Such  non-classical  characteristics  of  the  second  or  third 
generation  precipitates  can  have  a  significant  impact  on  the  nature  of  the  y’/y  interface 
which  in  turn  directly  impacts  the  high  temperature  microstructural  stability  (coarsening 
behavior)  as  well  as  the  mechanical  properties  of  these  alloys. 
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Figure  Captions: 


Fig.  1  Progressive  change  in  the  intensity  of  (a)  (001)  y'  superlattice,  and  (b)  (111) 
fundamental  reflections  arising  from  both  y  and  y’  phases  as  a  function  of  temperature 
during  slow  continuous  cooling  of  Rene  88  DT  alloy  (SCO)  from  the  single  y  phase  field, 
(c)  A  plot  showing  the  ratio  of  (001) y'  to  (111)  y'  +  y  peak  intensities  over  a  range  of 
temperature. 

Fig.  2  (a)  Low  and  (b)  high  magnification  backscatter  SEM  images  of  the  SCO  sample 
with  primary  y'  precipitates  exhibiting  a  darker  contrast. 

Fig.  3  (a)  Low  and  (b)  high  magnification  energy-filtered  transmission  electron 
microscopy  images  obtained  using  Cr  M-edge  in  the  electron  energy-loss  spectroscopy 
spectrum  of  the  SCO  sample.  Along  with  primary  y'  precipitates  the  smaller  secondary 
(and  tertiary)  y'  precipitates  which  are  Cr-depleted,  exhibit  the  darker  grey  contrast  in 
these  images. 

Fig.  4  (a)  Precipitate  size  distribution  plot  of  SCO  sample  showing  the  size  difference 
between  the  primary  y'  and  smaller  secondary  (and  tertiary)  y'  precipitates,  (b)  A 
Gaussian  distribution  used  to  fit  the  curves  in  (a)  in  order  to  determine  the  average 
diameter  and  standard  deviation  of  different  generation  of  precipitates. 

Fig.  5  (a)  APT  reconstruction  of  Cr  (blue)  and  A1  (red)  atoms  in  as  slow  cooled  (SCO) 
sample.  The  y'  precipitates  are  the  Al-rich  red  regions  with  Cr-rich  blue  y  matrix,  (b)  An 
isosurface  of  the  above  reconstruction  using  14at%  Cr  along  superimposed  on  Ni  ions, 
where  the  y'  precipitates  having  leaner  amount  of  Cr.  The  different  generations  of  y' 
precipitates  are  clearly  visible,  (c)  A  second  example  in  terms  of  atom  probe 
reconstruction  (Cr=14at%  isosurface  along  with  Ni  ions)  of  the  same  SCO  sample. 

Fig.  6  Proximity  histograms  of  (a)  primary  y'  and  (b)  secondary  (or  tertiary)  y' 
precipitates  in  SCO  sample  using  a  Cr=14at%  isosurface.  The  plots  show  the  partitioning 
of  the  primary  alloying  elements  i.e.  Al,  Ti,  Cr,  Co,  and  Mo  between  the  y  and  y'  phases, 
(c)  Plot  comparing  the  Al  and  Cr  compositional  profiles  across  the  y’/y  interface  for  two 
specific  large  (primary)  and  small  (tertiary  or  secondary)  y’  precipitates. 

Fig.  7  (a)  Proximity  histograms  of  the  SCO  sample  plotted  from  a  primary  y'  precipitate 
on  the  left  to  a  precipitate-free  y’  depletion  zone  towards  the  right.  The  plot  shows  the 
near  field  and  far  field  compositions  of  the  y  matrix.  Magnified  images  of  the  above 
proximity  histogram  showing  the  compositional  variation  of  (b)  Al  and  Ti  and  (b)  Cr  near 
and  far  away  from  the  primary  y’  precipitate. 

Fig.  8  A  2-D  compositional  map  of  Cr,  created  using  a  2nm  thick  region  of  interest  across 
primary  and  tertiary  (or  secondary)  y'  precipitates,  along  with  the  depleted  zone  lying  in 
between  them,  (a)  with  and  (b)  without  an  overlapping  isosurface  that  was  generated 
using  14at%  Cr  (showing  regions  that  are  equal  to  or  less  than  14at%  Cr).  (c)  An 
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isosurface  of  the  above  reconstruction  using  18at%  Cr,  showing  the  interconnected  nature 
of  Cr  rich  and  Cr  lean  regions. 

Fig.  9  (a)  APT  reconstruction  of  Cr  (blue)  and  A1  (red)  atoms  in  the  slow  cooled  and  1  hr 
aged  (SCI)  sample.  The  y'  precipitates  are  the  Al-rich  red  regions  with  Cr-rich  blue  y 
matrix,  (b)  Precipitate  size  distribution  plot  of  the  tertiary  y'  precipitates  generated  using 
the  IVAS™  software. 

Fig.  10  (a)  Precipitate  size  distribution  plot  of  SCI  sample  showing  the  size  difference 
between  the  primary  y',  secondary  y'  and  tertiary  y'  precipitates,  (b)  Proximity  histograms 
of  the  SCI  sample  plotted  from  a  primary  y'  precipitate  on  the  left  to  the  y  matrix  towards 
the  right.  The  plot  shows  the  near  field  and  far  field  compositions  of  the  y  matrix. 

Fig.  11  (a)  Low  and  (b)  high  magnification  energy-filtered  transmission  electron 
microscopy  images  obtained  using  Cr  M-edge  in  the  electron  energy-loss  spectroscopy 
spectrum  of  the  SC  15  sample.  Along  with  primary  y'  precipitates  the  smaller  secondary 
(and  tertiary)  y'  precipitates  which  are  Cr-depleted,  exhibit  the  darker  grey  contrast  in 
these  images. 

Fig.  12  (a)  APT  reconstruction  of  an  isoconcentration  surface,  generated  using  14  at%  Cr 
(blue)  superimposed  on  Ni  atoms  (green),  in  slow  cooled  and  aged  (SC15)  sample,  (b)  A 
compositional  profile,  from  a  small  tertiary  (or  secondary)  to  large  primary  y'  precipitate 
with  the  depletion  zone  lying  in  between  them,  showing  the  variation  of  major  alloying 
additions  in  SC  15  sample. 

Fig.  13  (a)-(c)  Schematic  illustrations  of  how  multiple  y'  generations  can  form  during 
slow  cooling  of  Rene  88DT  alloy. 
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Fig.  3 
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Fig.  13 
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